The potential role of iron and copper and the involvement of hydroxyl radicals in the DNA cleavage caused by chromate and glutathione (GSH) has been investigated. We have also studied the ability of chromate, on reaction with ascorbate as well as in mixed solutions of ascorbate and GSH, to cause DNA strand breaks. In both fully demetalated and conventional (i.e., metal contaminated) systems, chromate and GSH induced similar numbers of DNA strand breaks. This observation suggests that traces of iron or copper contaminating the reaction mixtures do not play a major role in the DNA cleavage caused by chromate and GSH. A series of hydroxyl radical scavengers exhibited a protective influence on the induction of DNA strand breaks. However, glucose and sucrose, both strong hydroxyl radical scavengers, showed no concentration-dependent inhibition of DNA cleavage. Competition kinetics studies yielded apparent rate constants that were not consistent with hydroxyl radicals being the species responsible for DNA strand breaks. Ascorbate in combination with chromate was also found to induce strand breaks in DNA; this damage could be attributed to reactive intermediates generated during the reduction. When mixed systems of ascorbate and GSH in the presence of chromate were investigated, there were clearly interactions between the two reductants. -Environ Health Perspect 1 02(Suppl 3): 237-241 (1994) 
Introduction
Despite considerable research effort during the last ten years, the mechanisms by which the known human carcinogen chromate can cause DNA impairment and mutations still remain obscure. Chromate is rapidly taken up by mammalian cells and readily reduced by cellular constituents. It is now generally accepted that the intracellular reduction of the metal compound is crucial for the induction of DNA lesions (1) . On the basis of kinetic studies in vitro, it has been suggested that glutathione (GSH), ascorbic acid (AsA), and cysteine are the most important nonenzymatic cellular constituents for the reduction of chromate in the cytoplasm (2) . However, the relative contribution of these various reductants to the generation of DNA lesions is far from clear. Furthermore, it has as yet not been possible to identify the ultimate carcinogen deriving from chromium(VI) upon reduction.
systems in vitro (3) the significance of AsA as an intracellular reductant of chromate has, as yet, received comparatively little attention. Recently, Suzuki and Fukuda (4) reported that in the bronchoalveolar lining fluid and the lung parenchyma of rats AsA is more reactive than GSH in the reduction of chromate. In subsequent in vitro studies Suzuki (5) observed a synergistic effect of AsA and GSH on the rate of reduction of chromate. Later, Standeven and Wetterhahn (6) provided evidence suggesting that AsA may be the principal nonenzymatic reductant of chromate in rat liver and kidney. In view of these observations it is now necessary to consider the possibility that reduction by ascorbate mediates the generation of DNA lesions.
In the present article, we report some observations on the induction of DNA strand breaks by chromate and AsA. We also studied the generation of DNA cleavage in the presence of AsA, GSH, and chromate. Initial experiments in our laboratory revealed that AsA itself, in the absence of chromate, can cause DNA strand breaks. The effect is due to the generation of reactive oxygen species during the autoxidation of AsA (i.e., the oxidation of AsA in aqueous solution by dissolved dioxygen) (7) . The reaction is catalyzed by traces of metal ions, namely copper(II) and iron(III). Ascorbate, in the absence of catalytic metals, is stable even in air-saturated solutions of neutral pH (8) .
In the light of a controversy concerning the ability of chromate and GSH to induce DNA strand breaks in Fe-and Cu-free systems (9) it has also become necessary to reassess the role of traces of catalytic metal ions in the chromate/GSH reaction. While we have observed the induction of single strand breaks in PM2 DNA with chromate and GSH in both phosphate and HEPES buffer (10), Aiyar et In an attempt to probe the involvemen Fe in the generation of DNA strand br by chromate and GSH, we studied reaction in conventional (i.e., metal-co minated) and exhaustively demetala solutions. In both systems chromate GSH induced similar numbers of sin strand breaks in isolated PM2 D (Figure 1 ). (13) observation that contradicts earlier reports by the same group (11, 15 (10) found evidence that Cr (V) complexes can cause DNA single-strand breaks. Thus, mechanisms involving the direct reaction of a high oxidation state complex with DNA, as suggested by Lay, are worth serious consideration. Furthermore, there is now evidence for some accumulation of Cr(IV) during the reaction of chromate with GSH (19) , and chromium(IV) complexes are known to cause C-C bond scission (20 (5) . We conducted experiments using chromate and AsA at concentrations similar to those chosen by Suzuki and observed a decrease in the level of DNA cleavage with increasing concentrations of AsA (Figure 3) . These results could be indicative of an inverse relationship between the rate of reduction and the generation of DNA damage: the slower the reduction, the greater the damage. Alternatively, the effect could be due to an efficient scavenging of the cleaving species by an excess of AsA. The observation of a protective effect with increasing amounts of AsA clearly indicates that the DNA damage is caused by a species generated during the reduction of chromate by AsA rather than by the final product of the reaction. If the final product were responsible for the DNA We started exploring the DNA damaging effects of chromate in mixed solutions of AsA and GSH. Glutathione, when administered separately, appeared to be more effective than AsA in generating DNA strand breaks in the presence of identical amounts of chromate. As shown in Figure 4 , samples containing chromate (100, 200, 500 pM), but with GSH (1 mM) instead of AsA, yielded slightly higher levels of strand breaks. The effect of We have demonstrated that the reduction of chromate by AsA leads to the generation of species that are able to cleave DNA. The final product of the reaction is not involved in the induction of these effects. The ultimately active species generated in such reaction mixtures are not yet known; however it is likely that they are different from the species present in solutions containing chromate and GSH.
The study of systems in mixed solutions of AsA and GSH has yielded results that are indicative of an inverse relationship between rate of reduction and generation of DNA damage. Another important factor is the influence of scavenging properties of AsA or GSH when present in excess. More work is needed to probe this suggestion further.
Although the levels of AsA and GSH in the human lung are not precisely known, available data for rats suggest that the cytoplasmic levels of both reductants are equimolar and fall in the millimolar range (4) . Considerable amounts of Cr can accumulate inside cells after exposure to chromate. Sehlmeyer et al. (22) have shown that after the exposure of V79-cells to 10 jiM chromate the total intracellular, cytosolic, Cr concentrations can be in the millimolar range. Under similar conditions Cr levels in nuclei can be even higher than in the cytosol. The concentrations of chromate, AsA, and GSH used in our experiments are similar to levels that might be attained within cells; our observations are of relevance to the in vivo situation. However, it is too early for firm conclusions because the relative contribution of the extracellular reduction of chromate in lung tissue and the influence of intracellular compartmentalization is not known. Suzuki and Fukuda (4) have reported that no other effective reductant apart from AsA exists in the alveolar-lining fluid of rats. Thus, in the earlier periods of exposure to chromate, extracellular reduction may be the overall determining step. After depletion of extracellular AsA, intracellular reductions may become more important. However, more information is needed to delineate between these two routes of chromate reduction.
